Abstract. A survey of the North Celestial Pole region using the RATAN-600 radio telescope at five frequencies in the range 2.3 to 21.7 GHz is described. Sources were chosen from the NVSS catalogue. The flux densities of 171 sources in the Declination range +75
Introduction
In the current paper we present the results of observations of bright radio sources in the North Celestial Pole (NCP) region within the declination range of +75
• ≤ δ ≤ +88
• taken with the RATAN-600 radio telescope of the Russian Academy of Sciences (Korolkov & Pariiskii 1979 , Parijskij 1993 . This NCP survey was initiated as a compliment to the 5 GHz interferometric study of Galactic foreground emission in the NCP made at Jodrell Bank in 1998 -1999 (Melhuish et al. 2001 . In order to obtain information about Galactic synchrotron and free-free emission in the survey area it was necessary to determine the 5 GHz flux densities of the point sources in the area and remove their contribution from the map.
Up to the present time, there has been no sensitive survey of the NCP region at frequencies higher than the 1.4 GHz NRAO VLA Sky Survey (NVSS), (Condon et al. 1998 ). The 5 GHz Greenbank survey (Gregory et al. 1996) only extends northwards as far as δ = +75
• . There is limited data available at 5 GHz from the early survey at +88
• ≤ δ ≤ +90
• of Pauliny-Toth et al. (1978) and from the Kuehr et al. (1981) catalogue of bright sources.
Send offprint requests to: V. Stolyarov Furthermore, since a sizable fraction (perhaps as many as 20%) of 5 GHz sources may have flat spectra and are variable, a contemporary survey covering 5 GHz was required for the NCP project. The upper Declination limit of the present RATAN-600 survey was set at +88
• since the telescope is used in transit mode and data cannot be collected close to the NCP in this mode.
Selection criteria for the survey
The aim of this NCP survey was to obtain information about bright point sources which might make a significant contribution to the 5 GHz degree-scale interferometer survey of foreground Galactic emission in the NCP (Melhuish et al. 2001) . The interferometer has a resolution of 2
• and a temperature/flux density sensitivity of 60 µK in antenna temperature per Jansky. In order to achieve a survey sensitivity approaching 10 µK it was decided to measure directly with RATAN-600 all those sources giving 10 µK or more with the interferometer, corresponding to a flux density S ≥ 150 mJy. At this flux density there is one source per interferometer beam area of 2
• × 2 • . The sources chosen for measurement were taken from the 1.4 GHz NVSS catalogue, the catalogue covering the NCP region which is nearest in frequency to 5 GHz. A 150 mJy flux density limit at 5 GHz corresponds to 350-400 mJy at 1.4 GHz assuming an average spectral index of 0.7 (S ∝ ν −α ) for the sources. Accordingly, the adopted "complete sample" criteria for the sources selected from the NVSS catalogue were:
1. Flux density S ν ≥ 400 mJy at the NVSS frequency of 1.4 GHz 2. 00
h ≤ α ≤ 24 h 3. +75
• In total we have selected for observation 182 objects which satisfy these criteria. 
The observations
The observations were made in February-March 1999 using the South sector of the RATAN-600 reflector -type radio telescope at 2. 3, 3.9, 7.7, 11.2 and 21.7 GHz (Parijskij 1993, Berlin et al. 1997; Berlin & Friedman 1996) . The parameters of the receivers are listed in Table 1 , where ν c is the central frequency, ∆ν is the bandwidth, ∆T is the sensitivity of the radiometer over 1 s integration, T phys is the physical temperature of the radiometer amplifier, T ampl is the noise temperature of the amplifier and T sys is the noise temperature of the whole system at the given frequency. All of the radiometers have HEMT first-stage amplifiers. Information about FWHM can be found in the article by Kovalev et al. (1999) . For example at 11.2 GHz the FWHM is about 17" × 2 ′ at the elevations of the NCP observations.
Usually each source was observed 5-8 times per set. Scans of all of the sources were corrected for baseline slope when fitted to a Gaussian response using data reduction software developed by Verkhodanov (1997) . The accuracy of the antenna temperature of each source was determined as the standard error of the mean from the N observations of the set.
Calibration and data reduction
The calibration of our observations is a challenging task. There are no radio astronomical calibrators listed in this area of the sky. The only place where we have some information about source fluxes in a wide frequency range (0.325 -42 GHz) in the NCP region is the VLA Calibrator List (Perley & Taylor 1999) . However, the fluxes listed there are approximate because most of the sources from the VLA List are compact and, hence, variable. To address this problem we selected for our purpose only sources with steep spectra that are not likely to be variable and, if possible, with minimal expected VLA amplitude closure errors (about 3%). The fluxes of the calibrators from the VLA Calibrator List are listed at 90, 20, 6, 3.7, 2 and 0.7 cm wavelength bands (0.325, 1.5, 5, 8.1, 15 and 42.9 GHz respectively). In order to get fluxes at the RATAN-600 frequency bands the spectra of the calibrators were interpolated to the desired frequencies by second order polynomial. The flux density measurement procedure at the RATAN-600 is described by Aliakberov et al. (1985) . The response of the antenna to a source with known flux density at a given frequency ν is a function of antenna elevation (Mingaliev et al. 1998) , which may be expressed as:
where
• .65333 -latitude of the telescope site.
In order to get the flux density from T ant,ν we have to multiply it by the elevation calibration function g ν (e), which is believed to be a second order polynomial (Trushkin 1985) . To get an estimate of this function we observe the calibration sources of known flux density spanning a wide range of declination, δ. Having the list of values g ν (e i ) = S ν,i /T ant,ν,i for different sources we can approximate the functions g ν (e) by a second order polynomial with the help of minimization of the mean square value of the estimated error (least square estimator).
The names of calibration sources we used and their adopted flux densities are listed in the Table 2 . The assumed flux density errors are 3% as given in the VLA Calibrator List.
The calibration curves g ν (e) for 2.3, 3.9, 7.7 and 11.2 GHz are given in Fig. 1 . A second order polynomial fit was made to the observational data at each frequency. We found the errors in the calibration curves were 11, 10.3, 2.4, 5.6 and 7.4 % at 21.7, 11.2, 7.7, 3 .9 and 2.3 GHz respectively. The total calibration error is the quadratic addition of the 3% VLA Calibration List error and the error from the g ν (e) calibration curve.
The errors of T ant measurements, σ m
The specifics of the RATAN-600 observations lead to the fact that the errors of the antenna temperature measurements depend not only on the receiver noise, but also on the atmospheric fluctuations on the scale of the main beam, on the accuracy of antenna surface setting for the actual source observation and on the accuracy of the feed cabin positioning (the cabin with secondary mirror and receivers). Generally speaking, the part of these errors due to the receiver noise can be estimated according to the formula
where ∆T is the sensitivity of the receiver over 1 s (listed in Table 1 ); ∆t is an integration time, the time that the source takes to cross the main beam of the antenna during the drift scan; N is the number of the drift scans; k is equal to 1 for single horn receivers (2.3 and 3.9 GHz) and 2 for beam-switching receivers (7.7, 11.2 21.7 GHz), where we can take into account both positive and negative beams. The variable parameter is ∆t, because it depends on the width of the main beam which is different for different frequencies, and varies with declination. In the case of the NCP declination range and the frequency range 21.7 to 2.3 GHz, ∆t lies in the range 1 -15 s. As an example for 3.9 GHz, δ = +75
• , ∆t = 4 s and N = 5, ∆T rec is equal to 0.56 mK.
Unfortunately the contribution of atmospheric fluctuations increases as ∆t increases corresponding to larger angular scales thereby partially reducing the growth of sensitivity expected from longer integration times.The errors related to the accuracy of antenna surface setting and feed cabin positioning are more complicated to account for. The feed cabin position errors are most important for high frequency observations; as an example it is necessary to position the cabin with an accuracy of 0.1λ, which is 1.4 mm in the case of 21.7 GHz.
However, estimating of the antenna temperature of the source for every drift scan (e.g by Gaussian fitting) and then calculating the variance of the T ant for the N observations of the data set can give us the measurement error, σ m , including all of the components listed above.
The total errors, σ t
The total fractional error in the flux densities listed in this survey is the quadratic sum of the total calibration error and the error in the antenna temperature measurement, namely,
The values of the standard error of T ant,ν measurement, σ m , are 2-3 % for 11.2, 7,7 and 3.9 GHz, 3-5% for 2.3 GHz and 7-11% for 21.7 GHz. For the brighter sources σ m is typically half these values, indicating highly consistent observations. Thus at the frequencies of 21.7, 11.2 and 3.9 GHz the calibration errors dominate.
Comparison with the other catalogues
The RATAN-600 results described in this paper are in good accordance with the flux densities given by NVSS at 1.4 GHz, the Westerbork Northern Sky Survey (WENSS; Rengelink et al. 1997 ) at 0.325 GHz and the earlier data of the Kuehr (1981) Catalogue. Four sample spectra are shown in Fig. 2 which compare the RATAN-600 data with those from the three above catalogues. The sources illustrated all have steep spectra and as a consequence are not likely to be variable. The few discrepancies in the plotted spectra are all in the older Kuehr data. 
Results
The spectra for 171 sources in the present RATAN-600 NCP survey are given in Table 4 . Data from WENSS and NVSS are included. Nearly all the sources have complete data at 2.3, 3.9, 7.7 and 11.2 GHz; 40 sources have 21.7 GHz flux densities. Only a few of these sources have been observed previously over this wide frequency range. The columns in the Table are :
The source name (NVSS notation), corresponding to epoch J2000 coordinates Column 2 − 3 : The flux density in Jy and standard error at 0.325 GHz (WENSS catalogue, Rengelink et al. 1997) Column 4 − 5 : The flux density in Jy and standard error at 1.4 GHz (NVSS catalogue, Condon et al. 1998) Column 6 − 15 : The flux density in Jy and total standard error, σ t , at 2.3, 3.9, 7.6, 11.2 and 21.7 GHz respectively Column 16 :
The spectral index α=-log(S(ν 1 )/S(ν 2 ))/log(ν 1 /ν 2 ), computed between fluxes at 0.325 and 11.2 GHz (or the nearest available frequencies).
A number of the sources in the NVSS target list were not fully resolved in the RATAN-600 observations, largely as a result of the more extended beam in the declination direction. These closely adjacent sources are listed as a single entry in Table 4 and are designated as RAXXX and DecXXX. The listed flux densities of these complexes are the sum of the flux densities of the individual sources. The NVSS sources contributing to each of the 7 complexes are given in Table 3 .
Discussion
Some preliminary comments are worthwhile on the multifrequency data for this NCP survey in which 171 individual sources were identified.
The contribution to 5 GHz interferometry
The first aim of these observations was to obtain a list of those sources which would contribute at a significant level to our 5 GHz survey (Melhuish et al. 2001 ) of the NCP. The chosen limit to the flux density at 5 GHz was 150 mJy which corresponds to a signal amplitude of 10 µK in the interferometer. The majority of sources (80 percent) were stronger than this limit and would make a significant con-tribution to the CMB foreground and should be removed from the interferometer survey.
The question then arises as to the further contribution from flat spectrum and rising spectrum sources not included in our survey which would have a 5 GHz flux density of ≥ 150 mJy. Remembering that our source selection criterion was 400 mJy at 1.4 GHz, a spectral index of 0.7 gives a flux density of 150 mJy at 5 GHz. A source spectral index of 0.2 will give twice this limit; only 10 percent of our sources chosen at 1.4 GHz have spectral indices flatter than this value. Accordingly there will be a further contribution from such sources with flux densities at 1.4 GHz of 200 -400 mJy. Assuming the fraction of flat spectrum sources stays constant with decreasing frequency, we may expect ∼ 5 sources in this category. Yet another contribution will come from Gigahertz Peaked Spectrum (GPS) sources; likewise there will be ∼ 5 extra sources with a flux density above 150 mJy at 5 GHz.
Statistics of sources spectra
Although this is a modest sample of GHz spectra, it provides an indication of the spectral properties of the brightest radio sources in the NCP region (+75
• ≤ δ ≤ +88 • ). We would expect them to follow the trends in the general field. One particular advantage of the present catalogue is that all the sources were observed simultaneously at all frequencies to provide an instantaneous spectrum unaffected by source variability. The histograms of spectral index values estimated over the frequency ranges 0.325/1.4 GHz, 0.325/3.9 GHz, 3.9/11.2 GHz and 0.325/11.2 GHz are presented in Figs. 3, 4, 5 and 6 respectively.
The majority of the sources have spectral indices in the range 0.6 to 1.5 at GHz frequencies. The canonical steepening of synchrotron spectra at higher frequencies is evident in the data. The median spectral index in the range 0.325/1.4 GHz is 0.78. This value rises to 0.82 for 1.4/2.3 GHz, to 0.95 for 2.3/3.9 GHz and to 1.15 for 3.9/11.2 GHz. At the higher part of this frequency range there is an increasing spread in the range of spectral indices which indicates that the turn-over of the spectrum occurs at a range of GHz frequencies. This broadening of the histogram is readily seen in Fig. 5 where a significant number (∼ 30 percent) have a spectral index greater than 1.2 in the frequency range 3.9/11.2 GHz; a small fraction (∼ 10 percent) of these higher spectral indices are a result of the significant total error, σ t , on weaker sources at 11.2 GHz.
The fraction of flatter spectrum sources in our GHz NCP survey, as illustrated in Figs. 4, 5 and 6, is 20 -25 percent. This family of flattish spectrum sources is of particular concern as a foreground in the measurement of fluctuations in the cosmic microwave background. 
Individual sources with compact components
The spectral signature of compact radio sources is a flat component arising from synchrotron self-absorption. Such a component may be seen as a flat spectrum over a wide frequency range, a flat spectrum component at a high frequency emerging from a steep spectrum low-frequency source or a GHz Peaked Spectrum source. Such spectra are found in some 20 percent of the 171 sources of the present survey. 14 sources show a relatively flat spectrum over the whole frequency range measured; of these, 4 show weak GPS behavior (see below) and 3 show weakly rising spectra up to the highest frequency observed and may also be There is a potential 10 percent of this survey which are GPS sources. These are believed to be compact objects with a peak in their spectra at GHz frequencies in the redshift frame of emission. They are characterized by a difference of spectral index ("curvature") on either side of the peak of more than 0.6 (de Vries et al. 1997) . The observed peak frequency may be as low as 0.5 GHz (Marecki et al. 1999 ). There are 9 sources in our list which satisfy these spectral characteristics. It is possible that several may be giant radio galaxies with low frequency absorption (for example 085834+750121); mapping will be required to establish their compactness. Four sources (132351+794251; 172359+765312; 180045+782804; 200531+775243) have a curvature of 0.4 to 0.6, just below the canonical limit of de Vries et al.; they are compact as indicated by their spectra and are potential GPS sources. Three sources (104423+805439; 135755+764320; 235622+815252) have spectra which are weakly rising with α = 0.2 to 0.3 at the highest frequencies of observation. These are also likely GPS sources with peak frequencies ≥ 10 to 20 GHz. 7 Table 3 . Complex sources Name in NVSS Name in the Table 4 Name in NVSS Name in the Table 4  J022235+861727 J0222XX+861XXX  J184142+794752 J184XXX+794XXX  J022248+861851  J184151+794727  J022249+862027  J184214+794613  J184226+794517  J074246+802741 J074XXX+802XXX  J074305+802544  J204257+750428 J20425X+750XXX  J204259+750306  J101330+855411 
